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Reservoirs throughout the country exhibit degraded shorelines and simplified
littoral habitats because of aging. This study evaluated the establishment of agricultural
plantings on reservoir mudflats and the effectiveness of supplemental brush pile
structures in providing recruitment habitat for juvenile fish. The mudflats of Enid
Reservoir, Mississippi were seeded during the winter drawdown in October of 2016 and
2017 with agricultural plantings. Monitoring of plantings found grasses performed best in
terms of establishment and providing potential fish habitat. During Summer 2017 brush
piles and control sites, without brush, were sampled in Enid Reservoir using rotenone to
evaluate juvenile fish use. Juvenile fish exhibited greater abundances and larger sizes, on
average, in brush pile sites. Larger brush piles placed in shallower water provided the
greatest benefit to juvenile fish.

iv

ACKNOWLEDGEMENTS
I would like to thank my major professors Dr. Leandro Miranda, Dr. Michael
Colvin, and Dr. Marcus Lashley. Additionally, thanks to the Mississippi Department of
Wildlife, Fisheries, and Parks and the Reservoir Fisheries Habitat Partnership for funding
this project; The U.S. Army Corps of Engineers for providing seed used for agricultural
plantings as well as ATV’s and operators: Kyle Tedford, Brent Bowman, Vance Austin,
and Tom Hoff.; And fellow graduate and undergraduate students Giancarlo Coppola,
Chelsea Gilliland, Bradley Richardson, Andrew Shamaskin, Wesley Tucker, Jacob
Dykes, Don Chance, Ashley Shannon, Amy May, and Megan McNerney for providing
assistance.

v

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ................................................................................................ v
LIST OF TABLES ........................................................................................................... viii
LIST OF FIGURES ........................................................................................................... ix
CHAPTER
I.

ASSESSING GROWTH AND ESTABLISHMENT OF
AGRICULTURAL PLANTINGS ON RESERVOIR
MUDFLATS .............................................................................................1
Abstract..................................................................................................................1
Methods .................................................................................................................5
Study Area .......................................................................................................5
Experimental Design Year 1 ...........................................................................6
Sampling Design Year 1 ..................................................................................8
Experimental Design Year 2 ...........................................................................9
Sampling Design Year 2 ................................................................................10
Unexpected Obstacles ...................................................................................10
Data Analysis.................................................................................................11
Results .................................................................................................................12
Soil Chemistry ...............................................................................................12
Vegetation Establishment ..............................................................................12
Providing Cover for Fish ...............................................................................13
Discussion............................................................................................................14
Tables .................................................................................................................18
Figures .................................................................................................................19
References ...........................................................................................................29

II.

USDOI (U.S. Department of Interior), U.S. Fish and Wildlife Service,
U.S. Department of Commerce, and U.S. Census Bureau. 2011.
2011 National Survey of Fishing, Hunting, and WildlifeAssociated Recreation. ............................................................................31

III.

TEMPORAL SHIFTS IN USE OF SUPPLEMENTAL COVER BY
YOUNG-OF-YEAR FISH IN RESERVOIR MUDFLATS ...................32
Abstract................................................................................................................32
vi

Introduction .........................................................................................................33
Methods ...............................................................................................................35
Study Area .....................................................................................................35
Experimental Design .....................................................................................36
Sampling Design ...........................................................................................37
Data Analysis.................................................................................................37
Objective 1.- YOY fish communities in supplemental cover and
control sites ..................................................................................37
Objective 2.- Temporal differences in YOY fish assemblages
occupying supplemental cover ....................................................38
Objective 3.- Influence of brush pile size and depth on YOY fish
assemblages .................................................................................39
Results .................................................................................................................40
Objective 1.- YOY fish communities in supplemental cover and
control sites ........................................................................................40
Objective 2.- Temporal differences in YOY fish communities
occupying cover.................................................................................41
Objective 3.- Influences of brush pile size and depth on YOY fish
assemblages .......................................................................................41
Discussion............................................................................................................42
Management Implications .............................................................................43
Tables .................................................................................................................46
Figures .................................................................................................................48
References ...........................................................................................................56

vii

LIST OF TABLES
1.1

Seeding rates for agricultural plantings sown at Enid Reservoir during
October 2016 and 2017. .......................................................................18

1.2

Soil chemistry levels in the mudflats of Long Branch embayment in
Enid Reservoir, Mississippi, 2016-2017 and 2017-2018. ....................18

2.1

YOY biomass model selection table ................................................................46

2.2

YOY biomass model summary for most adequate model ...............................46

2.3

YOY abundance model selection table ............................................................47

2.4

YOY abundance model summary for most adequate model ...........................47

viii

LIST OF FIGURES
1.1

Map of Mississippi depicting the location of Enid Reservoir and Long
Branch Creek. ......................................................................................19

1.2

Enid Reservoir guide curve and % exposed mudflats .....................................20

1.3

Enid Reservoir days of exposure based on pool elevation (m). .......................21

1.4

Enid Reservoir guide curve relative to mean daily temperature and day
of year. .................................................................................................22

1.5

Enid Reservoir average frost-free exposure days by pool elevation (m). ........22

1.6

Growth sampling design used at Enid Reservoir during the 2016-2017
and 2017-2018 growing seasons. .........................................................23

1.7

Stem density for planted species in the mudflats of Long Branch
embayment in Enid Reservoir, Mississippi 2016-2017 .......................24

1.8

Stem density for planted species in the mudflats of Long Branch
embayment in Enid Reservoir, Mississippi 2017-2018 .......................25

1.9

Percent Coverage for planted species in the mudflats of Long Branch
embayment in Enid Reservoir, Mississippi 2016-2017. ......................26

1.10

Percent Coverage for planted species in the mudflats of Long Branch
embayment in Enid Reservoir, Mississippi 2017-2018. ......................27

1.11

Height for planted species in the mudflats of Long Branch embayment
in Enid Reservoir, Mississippi 2016-2017. ..........................................28

2.1

Map of Mississippi depicting the location of Enid Reservoir and Long
Branch Creek. ......................................................................................48

2.2

Boxplots showing variations in YOY fish abundances between
treatment types for 6 species of interest. ..............................................49

2.3

Differences in model predicted YOY total length values between
treatment types for 6 species of interest. ..............................................50
ix

2.4

Boxplots showing variations in YOY fish abundances in supplemental
cover between sampling events for 6 species of interest. ....................51

2.5

Predicted YOY biomass based on time and brush pile volume. ......................52

2.6

Predicted YOY biomass based on brush pile volume for varying
months of the year. ...............................................................................53

2.7

Predicted YOY abundance based on brush pile volume and depth of
placement. ............................................................................................54

2.8

Predicted YOY abundance based on brush pile volume for varying
depths of the year. ................................................................................55

x

CHAPTER I
ASSESSING GROWTH AND ESTABLISHMENT OF AGRICULTURAL
PLANTINGS ON RESERVOIR MUDFLATS
Abstract
Experimental agricultural plantings were sown on the mudflats of Enid Reservoir,
Mississippi during the winter drawdown period in October 2016 and October 2017.
Following planting all plots were monitored regularly until the following spring to
evaluate effectiveness of establishment through ground cover, height, stem density, and
biomass sampling. In total we planted 35 plots of 0.5 ha in 2016 and 40 plots of 0.125 ha
in 2017. Plots were comprised of: Rye Grass (Lolium), Triticale (x Triticosecale sp.),
Balansa Clover (Trifolium michelianum), Berseem Clover (Trifolium alexandrinum),
several mixed plantings, and a disked control. Results were analyzed with an analysis of
variance and differences among means evaluated with Tukey’s honest significant
difference (HSD) test. All experimental treatments were evaluated for significant
difference from control plots to serve as a threshold for successful establishment. We
found that plots seeded with grasses performed significantly better than control plots with
respect to all metrics measured, while plots seeded with mixed planting performed better
than control plots only with respect to height, and plots seeded with clover did not
perform significantly better than control plots. Results serve as an evaluation of the
efficacy of agricultural plant establishment on the mudflats of flood control reservoirs. In
1

addition, conclusions can also be applied to the use of agricultural plantings as a
management tool to create fish habitat in mudflats.
Introduction
Aging reservoirs throughout the country pose a major obstacle for resource
managers in maintaining desirable recreational fisheries. Degradation of shorelines and
nearshore areas through erosion, sedimentation, loss of submerged structure, and
widespread substrate homogenization over time may decrease habitat complexity and
have become a common concern for reservoir managers (Allen and Aggus 1983; Miranda
and Krogman 2015; Pegg et al. 2015). Decreasing habitat complexity can negatively
affect fish diversity, simplify fish communities, alter species composition, and reduce
recruitment of fish species that support key recreational fisheries (Valley et al. 2004;
Smokorowski and Pratt 2007). The negative effects of reservoir aging on fish
communities are often exasperated by human activities, such as shoreline development
and deforestation.
Reservoirs can experience different hydrologic conditions from those that existed
in the river prior to impoundment. During flood events rivers escape their banks and
inundate surrounding floodplains, generally during the late winter through spring.
Inundation allows fish access to terrestrial vegetation that provides habitat and a boost in
productivity (Petry et al. 2003). While impounded systems provide permanent access to
floodplain habitats, the unnatural water cycle present in reservoirs allows flooding to
persist during the growing season. Prolonged inundation limits the growth of terrestrial
vegetation and slowly degrades the productive capacity of floodplains (Agostinho et al.
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1999; Miranda 2008). The degradation of floodplains through altered hydrology can be
remedied through management action.
Manipulations of aquatic systems through supplemental habitat is a potential
solution to mitigate the impacts of reduced habitat complexity caused by reservoir aging
and to enhance fisheries. Methods for slowing the rate or reversing reservoir senescence
exist and could help restore and conserve habitat (Allen and Aggus 1983; Miranda and
Krogman 2015; Pegg et al. 2015). These methods include the creation of habitat
components using both artificial structures and natural materials as well as by
establishment of terrestrial and/or aquatic vegetation. Restoration of degraded ecosystem
goods and services, and providing opportunities for resource users, are primary goals of
habitat management (Pegg and Chick 2010).
Vegetation can benefit fish through different mechanisms, often varying among
and within a species at different stages of development. Submersed terrestrial vegetation
in the floodplain of a river serves as an important structure for many fish species adapted
to exploit seasonally-inundated floodplains. These include various species of crappie
(Pomoxis) and black bass (Micropterus) that provide socially and economically important
recreational fisheries (USDOI 2011; Hutt et al. 2013). Studies also report that fish
assemblages exhibit greater species diversity in vegetated than in non-vegetated areas
(Dibble et al. 1996; Cross and McInerny 2001; Pratt and Smokorowski 2003). For
example, forage species use vegetation as protection from predators because predatory
fish have reduced foraging success in heavy cover (Savino and Stein 1989a, 1989b).
Vegetation also provides a substrate for growth of epiphytic plants and invertebrates
(Keast 1984; Rooke 1986; Chilton 1990; Humphries 1996), which provide forage for
3

juveniles and adult fish (Moxley and Langford 1982). Many fishes depend on vegetation
for nest building and spawning as well as protection for young of year (Poe et al. 1986;
Bryan and Scarnecchia 1992).
The regulated zone of reservoirs (i.e., the elevation band between the range of
annual water level fluctuation) often becomes devoid of vegetation due to the artificial
seasonality of the water level fluctuations that create a barren contour often characterized
as mudflats. The water cycle is artificial because mudflats are inundated during the spring
growing season and exposed during winter months when few, if any, native plants are
capable of colonizing these areas. Thus, lack of vegetation at the time of inundation leave
mudflats devoid of cover once inundated. Cool-season agricultural plants provide a
potential solution to establish vegetation through the winter which may provide structure
for fish following spring inundation. Barley (Hordeum) has been tested for this
application on the regulated zone of Shasta Lake reservoir, California yielding minimal
effects on black bass populations even with the use of fertilizers to improve growth
(Ratcliff et al. 2009). Also, cereal rye (Secale) was tested on the mudflats of Lake Nottely
reservoir, Georgia and researchers concluded that only temporary and modest benefits to
fish populations result from seeding mudflats (Strange et al. 1982). Although those two
plant species did not yield major benefit in those reservoirs, numerous other plant species
are readily available and have not been tested. Reservoir hydrology and local temperature
conditions often limit the length of time native warm-season plants can grow in the
mudflats, although there is ample time for cool-season agricultural plantings to grow
through winter while mudflats are typically exposed. Also, because adaptations for
growth and composition vary widely among plant species, there still is a need to explore
4

their applicability for submerged structure. Selecting plants which could flourish without
the aid of fertilizers was a priority to reduce costs in management applications. For this
reason, I chose specific cool-season plant species that have adaptations likely to perform
well on reservoir mudflats with potentially challenging growing conditions, including
high soil pH, poor soil productivity, and poor drainage. For example, Ryegrass (Lolium)
has been documented to tolerate a variety of soil textures including poorly drained soils
with only moderate fertility requirements with fast germination and high grazing
resistance (Harper 2008). Similarly, Triticale (x Triticosecale sp.) has a relatively fast
germination rate with an excellent resistance to grazing (Harper 2008), which may be
extreme in winter mudflats because of avian and mammalian herbivores. Clover species
(Trifolium) serve as companion species while producing ground cover and fixing nitrogen
(Harper 2008). The primary objectives of this study are to: (1) Assess effectiveness in
establishing agricultural plantings in reservoir mudflats and (2) evaluate the quality of
cover for fish provided by agricultural plantings on reservoir mudflats.
Methods
Study Area
This study occurred in an embayment, Long Branch Creek, of Enid Reservoir in
Northwest Mississippi (Figure 1.1). Enid Reservoir encompasses a conservation pool
surface area of over 6,500 hectares in Yalobusha, Panola, and Lafayette counties,
Mississippi formed by the impoundment of the Yocona River. This reservoir was
impounded in 1952 as part of the U.S. Army Corps of Engineers Yazoo Headwater
Project, with the aim of preventing flooding in the Mississippi Delta region in western
Mississippi.
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Enid Reservoir’s water level varies seasonally but generally follows a guide curve
created by the U.S. Army Corps of Engineers. The guide curve (Figure 1.2) provides a
target pool elevation level for each day of the year. The guide curve suggests that in a
normal year the reservoir fluctuates 6.1 m, which results in a change in area of
approximately 4,000 ha (i.e., from 2,476 ha at 70.1 m elevation to 6,527 ha at 76.2 m
elevation; Figure 1.2). These temporal changes in water level interact with seasonal
temperature changes to influence the extent of mudflats exposure, time of exposure, and
at what temperature conditions. Thus, the 74-76 m contour region, for example,
encompasses an area of approximately 1,700 ha that is de-watered for an average of 225
days per year (Figure 1.3), and during a period when temperatures average 13.7° C
(Figure 1.4). In contrast, the 71-72 m contour region encompasses an area of
approximately 500 ha, is exposed for an average of 104 days per year (Figure 1.3), with
an average temperature of 6.7° C (Figure 1.4). Because the first frost usually occurs in
late October, the 74-76 m contour is exposed for approximately 50 frost-free days in the
fall, whereas the 71-72 m contour is exposed for 0 frost-free days (Figure 1.5).
Experimental Design Year 1
I planted experimental agricultural plots in Long Branch Creek during the first
two weeks of October 2016. A total of 35 plots of 0.5 ha each were established between
74 and 76 m pool elevation levels. A stratified systematic design was used such that a
single randomly assigned sequence of treatments was created and assigned to plots
spatially. Treatments included 4 monoculture plantings, 2 mixed plantings, and an
unplanted control. Marshall Ryegrass (Lolium), Triticale (x Triticosecale sp.), Balansa
Clover (Trifolium michelianum), and Frosty Berseem Clover (Trifolium alexandrinum)
6

made up the monoculture plantings. Mixed plantings consisted of a Rye Grass and
Balansa Clover mix or Triticale and Balansa Clover mix at a 30% grass to 70% clover
seeding rate.
Plots were seeded using rates prescribed by manufacturers (Table 1.1). Typically,
in wildlife food plot applications seeding rates are adjusted for pure live seed (PLS) based
on pure live seed and germination rates provided by manufacturers (Eq. 1.1).
PLS adjusted rate =

Reccommended Seeding Rate
% Germination ∗ % Live Seed

(1.1)

I elected to use unadjusted manufacturer suggested seeding rates to reduce costs. I
planted plots using two planting implements, a Plotmaster Hunter 300 and a Plotmaster
Hunter 400 both pulled behind Honda Foreman 500 ATVs. The planting implements
each have disking, spreading, dragging, and culti-packing capabilities. Seeding
implements were calibrated prior to plantings, by seeding small areas of known size with
specified seed amounts and adjusting seeder settings, to ensure proper dispersion of seed
throughout the planted area. Control plots were disked but were not seeded so that soil
disturbance was not a confounding variable when comparing treatments to control plots.
All plots had two 1 m2 exclosures constructed from 5 cm mesh poultry wire placed
randomly within the plots to evaluate the impacts of herbivory on growth (Lashley et al.
2011).
Soil tests were conducted for each of the 35 experimental plots to quantify
nutrients and composition. A total of 10 samples of the top 15 cm of soil were collected
in each plot with a shovel, combined in a 19-liter bucket, bagged, and labeled. Samples
were analyzed by the Mississippi State University Extension Service soil lab. Soil tests
provide accurate estimates for soil pH, macronutrients (Phosphorus and Potassium),
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micronutrients (Calcium, Magnesium, Zinc, and Sodium), and cation exchange capacity
(CEC) which all influence plant growth. Soil pH readings are calculated using a standard
commercially available pH meter on a soil water suspension, with a precision of +/- 0.1 0.3 pH units. Soil nutrient levels are calculated using the Mississippi Soil Testing method
described by Lancaster (1970). The Mississippi Soil Testing method is calibrated such
that repeated tests of standard soil samples yield a coefficient of variation of 5 to 10
percent within samples.
Sampling Design Year 1
Growth of experimental agricultural plantings was monitored monthly from one
month after planting (November 2016) through Late Winter (Early March 2017) and a bimonthly basis from Early Spring (Mid-March 2017) through Late Spring (Mid-May
2017). Several growth variables were evaluated including ground coverage, height,
monthly and full-season dry biomass production, and stem density. All experimental
plots were evaluated, with each sown plot evaluated for the species planted and control
plots evaluated for naturally growing species.
Point intercept sampling allowed for analysis and comparison of ground coverage,
plot composition, and height between sown species (Caratti 2006). Three transects each
30 meters in length were randomly assigned extending from the midpoint of each plot
(Figure 1.6). Along these transects a pole, consisting of a piece of rebar 31 mm in
diameter, was used to evaluate ground cover every 1 m. At each point the types of plants
intersecting the pole was recorded. Height of sown plants where plants intersected
sampling points along the transect was recorded to the nearest 1 cm.
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I collected biomass clippings from sown species for analysis of dry weight.
Clippings were taken from 1-m2 exclosures randomly distributed in the plot (Figure 1.6).
One exclosure was clipped during every sampling event from November to mid-April
and moved to a new randomly selected location within the plot. The other exclosure
remained in the same location from November until the time it was clipped in mid-April.
Samples were then dried in an oven with weights recorded every 12 hours until weights
stabilized to within +/- 0.5g (Lashley et al. 2014). Annual and monthly biomass clippings
were used to estimate dry biomass production for each plot. A comparison of season-long
clippings to final-month clippings allowed for the evaluation of the potential impact of
herbivory on establishment.
Stem density of sown species were recorded inside of monthly biomass
exclosures as well as within a randomly selected 1 m2 area outside of exclosures. The use
of measurements both within and outside of exclosures accounted for the potential impact
of herbivory on stem density counts.
Experimental Design Year 2
Experimental agricultural plots were again sown in Long Branch Creek in
October 2017. A total of 40 plots of 0.125 ha each were randomly assigned between 74
and 76 m pool elevation levels. Treatments included 5 monoculture plantings, 2 mixed
plantings, and an unplanted control. Marshall Ryegrass, Nelson Ryegrass (Lolium
multiflorum), Triticale, Balansa Clover, and Frosty Berseem Clover made up the
monoculture plantings. Mixed plantings consisted of a Marshall Ryegrass and Balansa
Clover mix at a 30% grass to 70% clover seeding rate, and a Nelson Ryegrass and

9

Triticale mix at a 50% each seeding rate. Control plots received disking using planting
implements but were not seeded.
All plot areas were mowed at least one week prior to seeding using a 1.5 m bush
hog and a 60-horsepower tractor. Mowing removed warm season growth which occurred
throughout the prior growing season because of lower than normal pool elevation levels.
All mowing was conducted from 11-13 October with approximately one week allowed
between mowing and planting. Plots were seeded using the same equipment and methods
as those used during the 2016 planting season. Soil tests were collected for each of the 40
experimental plots. A total of 10 samples of the top 15 cm of soil were collected in each
plot using a shovel and combined in a 19-liter bucket and bagged and labeled. Samples
were analyzed through the Mississippi State University Extension Service soil lab.
Sampling Design Year 2
Growth of agricultural plantings was monitored monthly from two months after
planting (December 2017) through inundation (February 2018). Growth evaluations were
conducted using the same methods as evaluations from the 2016-2017 growing season.
Unexpected Obstacles
Abnormally low pool levels during most of 2017 allowed warm-season plants to
flourish throughout the growing season at the upper levels of mudflats. Since 1953 Enid
Reservoir has failed to reach its full pool level in 12 years, or about 20% of the time.
Abnormally high pool levels during the winter of 2018 prematurely inundated
plots approximately two months ahead of guide curve estimates. Premature inundation
prevented plantings from achieving full growth potential. Therefore, metrics such as
10

height of growth and biomass which depended upon plants reaching full maturity were
excluded from analysis for the 2017-2018 growing season.
Data Analysis
To characterize the productivity of soils within the mudflats of Enid Reservoir I
compared mean, median, minimum, and maximum values for pH and macronutrients
(Phosphorus and Potassium; kg/ha) obtained from soil tests for all plots from each
growing season to target values for agricultural plantings (Harper 2008). These
comparisons provided a frame of reference to characterize soil productivity.
To evaluate successful establishment of plantings I conducted an analysis of
variance (ANOVA) to test if differences existed in ground cover and in stem density
among planting treatments. I selected these metrics because I deemed them effective
indicators of successful establishment and representative of the density and prevalence of
planted species within plots. When differences were detected by ANOVA, Tukey’s
Honest Significant Difference (HSD) post-hoc test was used to compare between
individual species. I used data from both the 2016-2017 and 2017-2018 growing seasons
for evaluations of successful establishment. Analysis was conducted for the last sampling
event in 2017 and 2018 (May and January respectively) in each year independently. I
deemed establishment successful when stem density or ground cover of plantings were
larger than in control plots (α=0.05, one tailed).
To evaluate successful creation of cover for fish using plantings I selected growth
metrics which I deemed to be relevant for providing effective cover for fish based on
existing literature for other forms of supplemental habitat. The first metric I selected was
height, which has been shown to be an important predictor for fish abundance around
11

supplemental habitat (Gratwicke and Speight 2005). The second metric selected was stem
density, which has been shown to impact fish habitat use in aquatic vegetation (Savino
and Stein 1989; Savino and Stein 1992). I conducted ANOVA to test if differences
existed between height of growth and stem density of plantings. When differences were
detected by ANOVA, Tukey’s HSD post-hoc test was used to compare between
individual species. I used only data from the 2016-2017 growing season for evaluating
creation of cover for fish, as evaluations were limited during the 2017-2018 growing
season. Analysis was conducted for the final sampling event of the growing season
(May). I deemed creation of cover for fish successful when stem density and height of
plantings was significantly larger (α=0.05, one tailed) than control plots.
Results
Soil Chemistry
Comparisons of soil test results from both planting seasons for pH and
macronutrients with target values showed poor soil productivity in the mudflats of Enid
Reservoir (Table 1.2). The mean and median values for each metric from both planting
seasons fell short of target pH and macronutrients levels for the planted species during
both growing seasons. Additionally, maximum observed values from all plots for pH
during both planting seasons and phosphorus during the 2016-2017 planting season fell
short of target ranges.
Vegetation Establishment
Analysis of variance revealed significant differences among treatments with
respect to growth metrics indicative of vegetation establishment. Stem density varied
12

among treatments for the 2016-2017 growing season (P<0.01). Marshall Ryegrass stem
densities were greater than control plots but Balansa Clover and Berseem Clover had
lower stem density than control plots (Figure 1.7). Stem density also varied among
treatments in 2017-2018 (P<0.01), but no treatments differed from control plots (Figure
1.8). Plant coverage varied among treatments for the 2016-2017 growing season
(P<0.01). Marshall Ryegrass had greater coverage than control plots but Berseem clover
had lower percent coverage than control plots (Figure 1.9). Plant coverage varied among
planting treatments for the 2017-2018 growing season (P<0.01) as well. Control plots
plant coverage was higher than all treatments for the 2017-2018 growing season. Triticale
and Triticale and Nelson Ryegrass mixed plantings performed the best of all species
planted in 2017-2018 (Figure 1.10).
Providing Cover for Fish
Analysis of variance revealed significant differences between treatments with
respect to growth metrics indicative of creation of cover for fish. Stem density varied
among treatments for the 2016-2017 growing season (P<0.01). Marshall Ryegrass
performed best in terms of stem density (Figure 1.7). Height of growth varied among
treatments for the 2016-2017 growing season (P<0.01). Marshall Ryegrass, Triticale,
Marshall Ryegrass and Balansa Clover mixed planting, and Triticale and Balansa Clover
mixed planting all performed well in terms of height growth relative to control plots
(Figure 1.11).

13

Discussion
Over a period of two years I planted approximately 20 ha of agricultural plantings
consisting of a total of 5 agricultural species in the regulated zone of Enid Reservoir. This
study provides one of the most thorough evaluations of growth of agricultural plantings
within the regulated zone of a reservoir. Previous studies conducted limited evaluations
of growth metrics of plantings only reporting average height and occasionally stem
density (Strange et al. 1982; Ratcliff et al. 2009). Other studies also planted considerably
less area and did so using fertilizer to improve growth, at a greater expense. Our findings
indicate that agricultural plantings can be successfully established in the regulated zone
of reservoirs without the use of fertilizers and potentially provide effective cover for fish
when inundated.
Soil productivity was poor within planted sites on the mudflats of Enid Reservoir
during both growing seasons. Low pH and macronutrient levels in regulated zone soils of
Enid Reservoir are at a level which likely limits growth and prevents the establishment of
species which exhibit limited tolerance ranges (Harper 2008).
Marshall Ryegrass successfully established on the mudflats of Enid Reservoir
during the 2016-2017 growing season. Results from the 2017-2018 growing season
showed no successful establishment of any species, likely resulting from the shortened
evaluation season and the persistence of natural growth from the previous growing
season. The attempt to mow and remove existing growth greatly reduced natural
vegetation but still left approximately 8 cm of growth above the seedbed. Abundant
Korean Lespedeza (Kummerowia striata) likely created artificially high coverage and
height values for control plots while also diminishing detection of planted species in
14

treatment sites. The successful establishment of Ryegrass during the 2016-2017 planting
season is not surprising given the tolerance of the species for wide pH ranges, poor soil
fertility, and poor drainage (Harper 2008).
Marshall Ryegrass provided potentially effective cover for fish in terms of stem
density and height. Triticale, Marshall Ryegrass and Balansa Clover mix, and Triticale
and Balansa Clover mix exhibited effective cover for fish in terms of height. These
results indicate that Marshall Ryegrass provides the best option for creating cover for
fish, with minimal costs for seed and no fertilizer use. Nevertheless, these conclusions
depend on the effectiveness of our selected growth metrics, stem density and height, as
indicators of potential fish use. The greatest average height among planted species was
observed in Triticale, which suggests a mix between Ryegrass and Triticale may
potentially optimize both height and stem density. During the 2017-2018 growing season
a mix between Nelson Ryegrass and Triticale was sown in experimental plots, but the
brief duration of the season limited comprehensive evaluation of establishment and
effectiveness.
Agricultural plantings have long been considered a means of providing cover for
fish in the regulated zone of reservoirs. However, evaluations of their effectiveness have
been limited, with only two published comprehensive studies to date (Strange et al. 1982;
Ratcliff et al. 2009) and two other less detailed evaluations (Hulsey 1959; Groen and
Schroeder 1978). Our findings provide evidence that agricultural plantings can be
established in the regulated zones of reservoirs without the use of fertilizers. Furthermore,
based on available information in the literature and observed growth, several of our
planted species appear to provide effective structure to potentially serve as beneficial fish
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cover for fish. Our results strongly support the use of Ryegrass planting as a viable form
of supplemental fish habitat. Species like Triticale also hold promise as beneficial cover
for fish. The importance of selecting cool season species with tolerances for poor
growing conditions cannot be over stated. Clover species seeded in this study exhibited
poor establishment, likely resulting from poor soil productivity and limited rainfall
immediately following plantings. Similarly, Strange et al. (1982) observed failures of
large areas of cultivated regulated zones due to poor fertility and variable precipitation.
Lessons learned extend beyond plant selection and into the planning process.
Planting in years following below-average reservoir pool levels is likely a waste of
resources. Below average pool levels during the 2016-2017 growing season allowed for
ample natural plant growth which would have likely reduced the benefit of our plantings.
Additionally, areas had to be mowed in preparation for plantings, creating an added
expense in both time and resources. Moreover, in practical applications wider contour
ranges may need to be sown to ensure plantings are inundated and available for fish use
during critical periods given variability in pool levels. Our plantings focused on a narrow
2 m contour interval (74-76 m) for the purposes of facilitating a more robust experimental
design. Furthermore, managers wishing to apply agricultural plantings should consider
costs of seed relative to production when selecting species. Additionally, seeding rates
could be adjusted based on pure live seed (Eq 1.1) to improve germination and growth in
applications where costs are not prohibitive. Our inability to evaluate plots due to
variability in inundation timing highlights not only the need to sow wide contour ranges
but also the need to select candidate reservoirs with predictable water regimes. The
ability to effectively predict pool level fluctuations serves as an important requirement to
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effectively implement agricultural plantings to provide supplemental fish habitat. Future
research should focus on reservoirs with more predictable pool levels or effectively
quantifying pool predictability to inform decision making by fisheries managers.
Fisheries managers will continue to search for efficient methods to prevent the
habitat homogenization occurring in aging reservoirs around the nation. Supplemental
agricultural plantings may have a prominent role moving forward in combating
diminished productivity in reservoirs. Lessons learned from past studies highlight the
limitations associated with this method, however the potential for benefits to fish
communities at low costs to management agencies warrants further investigation.
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Tables
Table 1.1

Seeding rates for agricultural plantings sown at Enid Reservoir during
October 2016 and 2017.

Common Name Manufacturer
kg/ha Cost/ha (US$) adj kg/ha
Triticale
Buck Island Seed Company 140
200
168
Nelson Ryegrass The Wax Company
28
25
33
Marshall
The Wax Company
39
50
46
Ryegrass
Berseem Clover Grassland Oregon
28
350
52
Balansa Clover
Grassland Oregon
18
100
40
Species planted with manufacturer suggested seeding rate in kilograms per hectare, cost
per hectare for manufacturer suggested rates, and pure live seed adjusted seeding rates.

Table 1.2

Soil chemistry levels in the mudflats of Long Branch embayment in Enid
Reservoir, Mississippi, 2016-2017 and 2017-2018.
2016-2017

Soil
Metric
pH
P (kg/ha)

2017-2018
Target

Mean Median Min Max Mean Median Min Max
4.8
4.8
4.2
5.3
4.9
4.9
4.4
5.6
25.0
23.5
6.7 79.6
30.7
30.8
11.2 56.0
88.5
95.3
29.1 151.3 134.5
130.0 28.0 273.5

6.1-6.5
35-135
180K (kg/ha)
360
Values for mean, median, minimum, and maximums for relevant soil metrics provided by
soil tests for both growing seasons. A total of 35 plots were included in 2016-2017
samples and a total of 40 plots were included in 2017-2018 samples. Target values for pH
and macronutrient levels are provided (Harper 2008), target levels for secondary and
micronutrients are excluded as they vary greatly based on the species planted as well as
regionally. (pH=soil acidity, P=Phosphorus, K= Potassium).
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Figures

Figure 1.1

Map of Mississippi depicting the location of Enid Reservoir and Long
Branch Creek.

Map showing the location of Enid Reservoir in the state of Mississippi, with inlay
identifying Long Branch Creek.
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Figure 1.2

Enid Reservoir guide curve and % exposed mudflats

Enid Reservoir pool elevation in meters (left y-axis) and % exposed mudflat (right yaxis) plotted against day of the year.
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Figure 1.3

Enid Reservoir days of exposure based on pool elevation (m).

Cumulative days of exposure per year relative to pool elevations in Enid Reservoir,
Mississippi.
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Figure 1.4

Enid Reservoir guide curve relative to mean daily temperature and day of
year.

Pool elevation in m (left y-axis) at Enid Reservoir, Mississippi, and mean daily
temperature in °C at Batesville, Mississippi (right y-axis) plotted against day of year.

Figure 1.5

Enid Reservoir average frost-free exposure days by pool elevation (m).

Average cumulative days of mudflat exposure before first frost at Enid Reservoir,
Mississippi. On average, first frost occurs on 28 October (DOY 301).
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Figure 1.6

Growth sampling design used at Enid Reservoir during the 2016-2017 and
2017-2018 growing seasons.

Procedure for agricultural planting growth assessments. Showing the planted plot
(rectangle), midpoint (dark circle), point intercept transects (lines radiating from
midpoint), and exclosures (empty circles).
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Figure 1.7

A

Stem density for planted species in the mudflats of Long Branch
embayment in Enid Reservoir, Mississippi 2016-2017

Stem density in stems per m2 for May growth samples from the 2016-2017 growing
season by species with letters representing significant differences from Tukey HSD posthoc test. A total of 35 plots were included in 2016-2017 samples. (Bal=Balansa Clover,
Ber=Berseem Clover, Mar RG/Bal= Marshall Ryegrass / Balansa Clover mixed planting,
Mar RG= Marshall Ryegrass, Trit/Bal=Triticale / Balansa Clover mixed planting,
Trit=Triticale).
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Figure 1.8

Stem density for planted species in the mudflats of Long Branch
embayment in Enid Reservoir, Mississippi 2017-2018

Stem density in stems per m2 for May growth samples from the 2017-2018 growing
season by species with letters representing significant differences from Tukey HSD posthoc test. A total of 40 plots were included in 2017-2018 samples. (Bal=Balansa Clover,
Ber=Berseem Clover, Mar RG/Bal= Marshall Ryegrass / Balansa Clover mixed planting,
Mar RG= Marshall Ryegrass, Nel RG= Nelson Ryegrass, Trit/Nel RG=Triticale / Nelson
Ryegrass mixed planting, Trit=Triticale).
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Figure 1.9
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A

Percent Coverage for planted species in the mudflats of Long Branch
embayment in Enid Reservoir, Mississippi 2016-2017.

Percent coverage from point intercept sampling for May growth samples from the 20162017 growing season by species with letters representing significant differences from
Tukey HSD post-hoc test. A total of 35 plots were included in 2016-2017 samples
(Bal=Balansa Clover, Ber=Berseem Clover, Mar RG/Bal= Marshall Ryegrass / Balansa
Clover mixed planting, Mar RG= Marshall Ryegrass, Trit/Bal=Triticale / Balansa Clover
mixed planting, Trit=Triticale).
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Figure 1.10
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Percent Coverage for planted species in the mudflats of Long Branch
embayment in Enid Reservoir, Mississippi 2017-2018.

Percent coverage from point intercept sampling for February growth samples from the
2017-2018 growing season by species with letters representing significant differences
from Tukey HSD post-hoc test. A total of 40 plots were included in 2017-2018 samples.
(Bal=Balansa Clover, Ber=Berseem Clover, Mar RG/Bal= Marshall Ryegrass / Balansa
Clover mixed planting, Mar RG= Marshall Ryegrass, Nel RG= Nelson Ryegrass, Trit/Nel
RG=Triticale / Nelson Ryegrass mixed planting, Trit=Triticale).
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Figure 1.11

A

Height for planted species in the mudflats of Long Branch embayment in
Enid Reservoir, Mississippi 2016-2017.

Average height in cm for May growth samples from the 2016-2017 growing season by
species with letters representing significant differences from Tukey HSD post-hoc test. A
total of 35 plots were included in 2016-2017 samples (Bal=Balansa Clover, Ber=Berseem
Clover, Mar RG/Bal= Marshall Ryegrass / Balansa Clover mixed planting, Mar RG=
Marshall Ryegrass, Trit/Bal=Triticale / Balansa Clover mixed planting, Trit=Triticale).
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CHAPTER II
TEMPORAL SHIFTS IN USE OF SUPPLEMENTAL COVER BY YOUNG-OF-YEAR
FISH IN RESERVOIR MUDFLATS
Abstract
Prolonged inundation and unnatural hydrology degrade the productive capacity of
reservoir littoral zones. Fisheries managers often use supplemental brush piles to add
structural complexity and possibly increase productive capacity. However, the
connections between supplemental cover and young-of-year (YOY) fish recruitment are
largely unknown. I used rotenone to sample small (71 m2) sites with and without
supplemental cover within the mudflats of Enid Reservoir, Mississippi. A total of 60 sites
with and 60 sites without supplemental cover were sampled between May 2017 and
September 2017. Abundances of YOY and the average size of YOY fish differed
significantly between treatments. Also, the use of littoral supplemental cover by YOY
fish varied temporally throughout the growing season. Young-of-year fish biomass at
brush piles was best predicted by time of year and size of brush piles, while YOY
abundance at brush piles was best predicted by brush pile depth and volume. Larger
brush piles (> 80 m3) yielded greatest YOY biomass and larger brush piles in shallow
depths (< 0.75 m) yielded greater YOY abundance. These data indicate strategic use of
brush piles can improve recruitment of YOY fish.
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Introduction
Reservoir aging poses a major obstacle for achieving fisheries management
objectives like maintaining desirable recreational fisheries. Degradation of shorelines
and nearshore areas through erosion, sedimentation, loss of submerged structure, and
widespread substrate homogenization all decrease structural complexity and have become
a common concern among reservoir managers (Allen and Aggus 1983; Miranda and
Krogman 2015; Pegg et al. 2015). Decreased structural complexity may negatively
impact fish diversity, simplify fish communities, alter species composition, and reduce
recruitment of key fish species (Valley et al. 2004; Smokorowski and Pratt 2007).
Supplemental cover alters local fish distributions and community interactions.
Habitat complexity is a major driver of fish distribution (Gelwick and Matthews 1990;
Bryan and Scarnecchia 1992; Irwin et al. 1997; Jennings et al. 1999; Hatzenbeler et al.
2000; Trial et al. 2001), predator–prey interactions (Hall and Werner 1977; Crowder and
Cooper 1982; Savino and Stein 1982; Johnson et al. 1988), and survival of young-of-year
(YOY) fish (Aggus and Elliott 1975; Miranda et al. 1984; Bryan and Scarnecchia 1992).
Additionally, supplemental cover has been shown to increase angler catch rates which is
often a management objective (Wickham et al. 1973; Wilbur 1978; Mitzner 1981;
Boxrucker 1983; Johnson and Lynch 1992; McKinney et al. 1993; Bolding et al. 2004).
Reservoir fisheries managers commonly use supplemental cover as a tool to
mitigate the negative effects of reservoir aging. In the US, 42 of 51 (82%) state fisheries
management agencies reported using supplemental cover as a management tool in
reservoirs (Tugend et al. 2002). The primary management objectives of supplemental
cover use include: increasing angler catch rates, providing fish recruitment/nursery
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habitat, providing adult habitat/protection, and providing fish spawning habitat (Tugend
et al. 2002). The use of supplemental cover with the goal of improving recruitment in
reservoir fish populations is widespread, but satisfaction with the effectiveness of this
tool is variable (Tugend et al. 2002). Sass et al. (2006) reported that recruitment in YOY
Yellow Perch (Perca flavescens) dropped tenfold in areas of a lake with its coarse woody
habitat intentionally removed as compared to those with coarse woody habitat left in
place.
The use of supplemental cover as a management strategy to provide recruitment
habitat is poorly understood. Research investigating the potential for supplemental cover
to improve fish recruitment and abundance is limited (Tugend et al. 2002). Supplemental
cover has been connected to recruitment increases through the ability to provide cover for
spawning adults, resulting in increased nesting habitat density (Vogele and Rainwater
1975; Hoff 1991; Hunt et al. 2002). Investigations of the temporal changes in
supplemental habitat use by fish communities are also limited. Most research focuses on
the changes in supplemental habitat use by black bass over time (Strange et al. 1982;
Ratcliff et al. 2009). Miranda and Hubbard (1994) reported that added cover increased
winter survival of age-0 Largemouth Bass. The impacts of supplemental cover on
communities over an extended temporal scale has also been poorly researched with most
investigations focusing on one or a limited number of species over a narrow temporal
range. Strange et al. (1982) and Ratcliff et al. (2009) both investigated the use of artificial
habitats by YOY Black Bass over an extended temporal range. The impacts of artificial
structures on fish recruitment in marine fisheries is also poorly understood despite more
thorough and frequent investigations than in freshwater systems (Pickering and
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Whitemarsh 1997). Variability in recruitment of fishes makes it difficult to connect
changes in fish abundance to a specific management action (Tugend et al. 2002). Thus,
management actions are rarely evaluated for their effectiveness in meeting management
objectives.
The inability to draw connections between supplemental cover and fish
recruitment has called in to question the effectiveness of supplemental cover as a
management tool to improve fish recruitment. The objectives of this study were to: (1)
evaluate differences in abundance and size of YOY fish in areas with and without
supplemental cover, (2) evaluate temporal differences in abundance of YOY fish species
occupying supplemental cover, and (3) evaluate the influence of brush pile size and depth
placement on local YOY fish biomass and abundance.
Methods
Study Area
This study was conducted on Enid Reservoir in Northwest Mississippi (Figure
2.1). Enid Reservoir encompasses a conservation pool surface area of over 6,500 hectares
in Yalobusha, Panola, and Lafayette counties, and was created by impounding the
Yocona River. It was impounded in 1952 as part of the U.S. Army Corps of Engineers
(USACE) Yazoo Headwater Project, with the aim of preventing flooding in the
Mississippi Delta region in western Mississippi.
Enid Reservoir’s water level varies seasonally and generally follows a guide
curve created by the USACE. The guide curve provides a target pool elevation level for
each day of the year. In a normal year the reservoir fluctuates 6.1 m which results in a
change in area of approximately 4,000 ha. Thus, the guide curve creates a period of
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prolonged exposure of shallow littoral portions of the lake, known as mudflats. The
regularity of fluctuations can be variable over short time periods depending on heavy
rainfall events. The long-term nature and regularity of water level fluctuations degrades
existing woody cover and prevents establishment of aquatic vegetation in the mudflats,
resulting in mostly barren littoral zones.
Experimental Design
In February of 2017 the USACE deployed 196 supplemental brush pile structures
in Long Branch Creek embayment on Enid Reservoir to provide supplemental fish habitat
(Figure 2.1). Brush piles consisted of Red Cedar (Juniperus virginiana) and Bald Cypress
(Taxodium distichum) anchored with cement blocks and aluminum wire. Before they
were flooded by seasonal water increases, I recorded GPS coordinates and measured
length, width, and height dimensions in meters with a tape measure for all brush pile
structures, yielding volumes for all brush piles in cubic meters.
I randomly selected 60 brush pile and 60 control sites, hereafter referred to as
treatments. Controls were sites without brush spaced at least 20 m away from shore,
brush piles or other structures, and within the Long Branch Creek embayment. Fish were
sampled from May to September 2017. Sampling events occurred over two consecutive
days and were spaced out approximately every 3 weeks. Six sampling events were
completed during the study period, with 20 samples per event, 10 in brush piles and 10 in
control sites.
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Sampling Design
I surrounded sampling points with a block net 30 m long and 2 m deep with 2 mm
mesh following procedures similar to those described by Bettoli and Maceina (1996).
Rotenone was then applied to the surrounded area to achieve a concentration of 1 ppm to
capture fish. A depth measurement was also taken for each site in m. The net area was
monitored until all fish were collected, usually about 25 minutes. Individual fish were
identified to species and total length (mm) recorded. Young-of-year fish were placed on
ice to transport to a laboratory, and batch weights by species recorded at the laboratory.
Data Analysis
To compare fish assemblages between treatments and over time, analyses were
limited to YOY of species present in at least one-third of all samples to avoid the
sensitivity of multivariate analysis to uncommon species. These species included:
Common Carp (Cyprinus carpio), Gizzard Shad (Dorosoma cepedianum), Bluegill
(Lepomis macrochirus), Largemouth Bass (Micropterus salmoides), White Crappie
(Pomoxis annularis), and Black Crappie (Pomoxis nigromaculatus). Length frequency
plots were used to identify the maximum total length for the newest year class for each
species of interest.
Objective 1.- YOY fish communities in supplemental cover and control sites
I applied a permutational analysis of variance (PERMANOVA; Oksanen et al.
2017). The dependent variables in the PERMANOVA were abundance of YOY fish of
species of interest, and the independent class variable was treatment. Species counts were
loge+1 transformed to reduce excessive dispersion. Differences were deemed significant
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when P ≤ 0.05. Non-parametric PERMANOVA was used to avoid the potential violation
of the assumptions of normal distributions of fish among sites and heterogeneity of
variances (Anderson 2001). If differences between treatments were detected, boxplots
were used to visualize variations between treatment types for each of the six species of
interest. PERMANOVA were performed using the Adonis function of the vegan package
in program R (R Development Core Team, 2010).
To evaluate size of YOY fish, I used the lmer function of the lme4 package in
program R to create a multiple regression model (Bates et al. 2015). The model predicted
the total length of YOY fish using time, treatment (brush pile or control), the interaction
between time and fish species, the interaction between time and treatment, and a random
effect of time on individual sampling sites. A random effects model was used to account
for repeated measurements over time, or the increase in total length resulting from normal
growth of fish throughout the duration of the growing season at all sampling sites.
Analysis of Variance (ANOVA) was then used to identify possible differences in YOY
total length between treatments and over time, and possible interactions between time and
species, and between time and treatment. Differences were deemed significant when P ≤
0.05.
Objective 2.- Temporal differences in YOY fish assemblages occupying supplemental
cover
I conducted a PERMANOVA using data from the 60 brush pile samples to
contrast YOY fish assemblages over time (Oksanen et al. 2017). Species counts were
loge+1 transformed to reduce excessive dispersion. Differences were deemed significant
when P ≤ 0.05. If temporal differences were identified by the PERMANOVA, boxplots
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were used to visualize variations between sampling events for each of the six species of
interest. PERMANOVA were performed using the Adonis function of the vegan package
in program R (R Development Core Team, 2010).
Objective 3.- Influence of brush pile size and depth on YOY fish assemblages
I conducted two separate analyses using YOY of the 6 species of interest
occupying the 60 brush piles. First, multiple linear regression was used to predict the
biomass (g) of YOY fish based on brush pile volume (m3) and brush pile depth (m).
Week was included as a class variable to remove the effect of time. Next, multiple linear
regression was used to predict the abundance (number) of YOY fish based on brush pile
volume (m3) and brush pile depth (m). The loge+1 of the dependent variable was used to
linearize data. Both regression models were fit using program R. A total of 13 models
consisting of all combinations of the two environmental factors of interest and a temporal
factor were evaluated using Akaike Information Criterion (AIC), small-sample corrected
AIC (AICc), and Akaike weights (wi (AIC)) (Akaike 1987; Burnham and Anderson,
2002). I used the combination of these three factors to evaluate the parsimony and
adequacy of each model and select the most adequate of the 13 models. Model
coefficients (beta values) from the most adequate model were used on simulated data
sets, created using systematic combinations of observed ranges of explanatory variables,
to create contour plots using the lattice package in program R as well as line graphs to
evaluate the influence of brush pile features on YOY fish (Sarkar 2008).
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Results
I collected 12,788 fish representing 21 species at the 120 sampling sites. YOY
fish accounted for 11,169 (87%) of all fish collected. Depths of sampling sites varied
from 0.5 to 1.4 m. Volumes of brush piles sampled varied from 0.8 to 157.4 m3.
Objective 1.- YOY fish communities in supplemental cover and control sites
Fish assemblage structure differed significantly between brush pile and control
sites (PERMANOVA, P=0.02). Three species, Bluegill, Largemouth Bass, and Black
Crappie showed higher abundance on average in brush pile sites as compared to control
sites (Figure 2.2). Gizzard Shad, Common Carp, and White Crappie showed little
difference in abundance between treatments (Figure 2.2).
Total length of YOY fish varied among treatment types (ANOVA, P<0.01), over
time (ANOVA, P=0.01), interacted with time and species (ANOVA, P<0.01), and did not
interact with time and treatment type (ANOVA, P=0.06). In brush pile sites total length
of YOY fish had a median of 42 mm, and varied from 16 mm to 120 mm. In control sites
total length of YOY fish had a median of 39 mm and varied from 15 mm to 118 mm.
Multiple regression revealed larger fish in sites with brush piles than those in sites
without brush piles during a majority of the sampling season (Figure 2.3). In early
portions of the sampling season, fish of all 6 species were predicted to be larger in brush
pile sites than those in control sites. Later in the sampling season, I observed an overlap
on predicted total length values for all YOY fish species between treatment types.
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Objective 2.- Temporal differences in YOY fish communities occupying cover
Fish assemblage structure differed significantly over the duration of the sampling
season (PERMANOVA, P<0.01). Gizzard Shad abundance at brush pile sites remained
relatively stable throughout the sampling season peaking in week-of-year 22 (Figure 2.4).
All other species showed abundances that increased, peaked, and later decreased. The
timing of peaks in abundances differed among species. Common Carp and Largemouth
Bass peaked earlier in the sampling season while bluegill abundances peaked later
(Figure 2.4).
Objective 3.- Influences of brush pile size and depth on YOY fish assemblages
Model selection revealed the best approximating model for predicting YOY
biomass used brush pile volume and time best predicted YOY biomass (Eq. 2.1).
loge(Biomass+1)=3.05+0.01*Volume+0.15*Time

(2.1)

Two models had ∆ AIC scores of less than 2, but both were more complex versions of the
best approximating model. The top model had the lowest values for AIC and AICc and
the highest model weight (Table 2.1). All factors in the model have significance in the
regression as well as positive coefficient estimates (Table 2.2). Model fit was moderate
with an R2 value of 0.47. Predictions generated from the best approximating model
indicate greater biomass accumulates at higher volume brush piles (Figure 2.5).
Additionally, the difference in biomass between large and small brush piles was greater
in samples from later in the sampling season (Figure 2.6).
Model selection revealed the best approximating model for predicting YOY
abundance used brush pile volume, brush pile depth and the interaction between volume
and depth (Eq. 2.2).
41

loge(Abundance+1)=2.05+0.04*Volume+1.88*Depth+-0.03*Volume:Depth

(2.2)

Two models had ∆AIC scores of less than 2, but one was a more complex version of the
best approximating model and the other had almost half the model weight of the top
model. The top model had the lowest value for AIC and AICc and the highest model
weight (Table 2.3). All factors in the model had significance in the regression except for
depth and all factors had positive coefficient estimates except for the interaction between
depth and volume (Table 2.4). Model fit was low with an R2 value of 0.26. Predictions
generated from the most effective model indicate that the greatest abundances of YOY
fish occur at higher volume brush piles at shallower sites (Figure 2.7). Conversely, in
deeper areas, higher abundances occur at brush piles of smaller volume (Figure 2.8).
Discussion
Abundance and biomass of species differed with supplemental cover over time.
Centrarchids exhibited higher abundances in brush piles in agreement with observations
made by Bolding et al. (2004). Additionally, the presence of larger YOY fish at brush
pile sites early in the season indicates either higher initial growth rates in brush piles or
competition for limited cover being won by larger individuals. Variations in use of littoral
brush piles by YOY fish over time track the natural temporal distribution of spawning
(Lane et al. 1996), with species which spawn earlier in the growing season recruiting to
brush earlier than those that spawn later in the growing season. YOY biomass was
highest in larger brush piles later in the year similar to the to observations of greater
biomass in larger marine fish attractors (Bohnsack et al. 1994).
Brush pile size and water depth interacted to affect abundance of some. YOY
abundance was greater at larger brush piles in shallower areas. Similar trends have been
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observed for YOY biomass in marine fisheries with respect to reef structures (Bohnsack
et al. 1994; Gratwicke and Speight 2005). The observed preference for shallower depths
in YOY fish was not expected given high summer water temperatures and increased
vulnerability to avian predators. Evaluations of fish distributions based on depth in
freshwater systems have been limited (Miranda 2011; Miranda and Killgore 2014), this is
especially true of YOY fish. The observed increases in YOY abundance associated for
larger brush piles at shallower depths may result from predators avoiding excessively
shallow water with high summer temperatures. Additionally, large shallow brush piles
receive more sunlight and provide a greater area to promote epiphytic growth indicating
foraging opportunities may be higher at these sites. Nevertheless, additional research is
needed to support these conjectures.
Management Implications
Supplemental cover has been shown to improve fisheries (Tugend et al. 2002), but
questions remain as to the magnitude of effect and mechanisms associated with additions
of cover. At peak abundance (i.e., June) density of YOY largemouth bass in Enid
Reservoir averaged 2,873 fish/ha in brush and 620 fish/ha in sites without cover. Given
these differences in densities, at hypothetical brush pile coverages of 1, 5, 10, and 20%
area of a reservoir embayment, density of YOY largemouth bass is estimated at 642, 732,
845, and 1,070 fish/ha, respectively. These estimates are approximations that assume a
linear relationship between fish density and cover and may entail that additional numbers
reflect increased production rather than simply attraction. Using similar sampling
methods, Hoyer and Cranfield (1996) estimated a density of 6,000 largemouth bass/ha in
a small Florida lake with 7% aquatic vegetation coverage. In West Point Reservoir,
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Alabama-Georgia, Miranda et al. (1984) estimated peak abundance (June) averaged 600
Largemouth Bass/ha in a year when the water level was held below summer pool, and
1200-3800 fish/ha in years when the water levels inundated terrestrial vegetation above
summer pool. Thus, increasing the percentage of brush within the reservoir may in turn
increase the density of YOY Largemouth Bass closer to levels seen in naturally-vegetated
lakes, or in flooded wooded areas of the riparian zone.
Fisheries managers implementing supplemental cover structures as a management
tool have been provided little guidance for selecting brush pile volume and placement
locations. YOY fish abundance can be maximized by placing large brush piles (> 80 m3)
in shallow water (< 0.75 m). If smaller brush piles (< 50 m3) are used they should be
placed in deeper water (1-1.5 m). The relationship between size of structure and
interstitial space has been identified as a good predictor of fish use (Savino and Stein
1982; Johnson et al. 1988; Daugherty et al. 2014). Results from this study provide
evidence that brush piles provide benefits to YOY fish, potentially resulting from a
greater variety of sizes in interstitial spaces provided in larger brush piles. Investigations
have been made into the connections between depth and fish use of structures, but all
have focused on adult fish (Prince and Maughan 1979a; 1979b; Lynch and Johnson
1988a; 1988b).
The observed association between cover and YOY fish supports the use of
supplemental cover as a tool to improve YOY fish recruitment. Furthermore, if temporal
variations in use of supplemental cover indicates respective recruitment by different
species, my findings highlight the importance of providing cover during the duration of
the growing season. Potential increased growth during the early portion of the sampling
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season may indicate increased production resulting from supplemental cover. Future
research should investigate the connections between changes of densities of supplemental
cover and densities of YOY fish to quantify direct benefits to total production resulting
from increases in cover. Additional understanding of the connection between cover and
direct recruitment to fisheries could facilitate more conclusive evidence to reveal if
supplemental habitat simply concentrates existing individuals or increases fish
production, a question that has long troubled fisheries scientists (Pickering and
Whitemarsh 1997).
Fisheries managers will continue to be challenged by reservoir aging and
associated negative effects on fish communities. A clear understanding of the value of
supplemental cover in meeting management objectives allows managers to more
effectively achieve objectives. Furthermore, guidelines for effective implementation of
supplemental structures to achieve objectives makes fisheries managers job’s easier and
increases the likelihood of favorable results. Thus, the need for continued research into
the connections between supplemental cover use and YOY fish recruitment still exists.
Future research may focus on aspects of supplemental cover, such as material used and
design of structures, which have been evaluated in their connection to meeting
management objectives like increased angler catch rates and adult fish use but not as
recruitment habitat. Investigations into the impacts of depth and area on YOY
recruitment could likely benefit from a wider range of sampled depths as well as finer
scale measurements of brush pile structures which account for factors such as interstitial
space.
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Tables
Table 2.1

YOY biomass model selection table

Model
df
AIC
AICc
∆ AIC
wi
Volume + Time
57
167.69
168.42
0.00
0.41
Volume * Depth + Time
55
168.77
170.36
1.08
0.24
Volume * Time
56
169.43
170.54
1.74
0.17
Depth * Time + Volume
55
170.97
172.55
3.37
0.08
Volume * Time + Depth
55
171.42
173.00
3.73
0.06
Depth * Time * Volume
52
173.47
177.07
5.78
0.02
Time
58
174.70
175.13
7.01
0.01
Depth + Time
57
176.67
177.39
8.97
<0.01
Depth * Time
56
178.48
179.59
10.78
<0.01
Volume
58
200.05
200.47
32.35
<0.01
Volume + Depth
57
200.17
200.90
32.48
<0.01
Volume * Depth
56
200.68
201.79
32.99
<0.01
Depth
58
202.58
203.00
34.88
<0.01
Model selection criteria for multiple regression model predicting YOY biomass. Table
includes model factors, degrees of freedom (df), Akaike Information Criterion (AIC),
small-sample corrected AIC (AICc), change in AIC from most adequate model (∆ AIC),
and model weight (wi).

Table 2.2

YOY biomass model summary for most adequate model

Input
Estimate
Std. error
p
95% CI
Intercept
3.05
0.25
<0.01
2.55 – 3.55
Volume
0.01
<0.01
<0.01
0.00 – 0.02
Time
0.15
0.02
<0.01
0.10 – 0.19
Summary of multiple regression model for YOY fish biomass including relevant inputs,
beta estimates (estimate), standard error values (std. error), significance values (p), and
95% Confidence Interval (95% CI).
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Table 2.3

YOY abundance model selection table

Model
df
AIC
AICc
∆ AIC
wi
Volume * Depth
56
169.50
170.61
0.00
0.32
Volume * Depth + Time
55
170.45
172.03
0.95
0.20
Volume
58
170.80
171.23
1.31
0.17
Volume + Time
57
171.74
172.46
2.24
0.11
Volume + Depth
57
172.60
173.32
3.10
0.07
Volume * Time
56
173.48
174.59
3.98
0.04
Depth * Time * Volume
52
173.76
177.36
4.26
0.04
Depth * Time + Volume
55
174.21
175.79
4.71
0.03
Volume * Time + Depth
55
175.39
176.98
5.90
0.02
Time
58
182.75
183.18
13.26
<0.01
Depth
58
183.22
183.65
13.73
<0.01
Depth + Time
57
184.75
185.47
15.25
<0.01
Depth * Time
56
186.29
187.41
16.80
<0.01
Model selection criteria for multiple regression model predicting YOY abundance. Table
includes model factors, degrees of freedom (df), Akaike Information Criterion (AIC),
small-sample corrected AIC (AICc), change in AIC from most adequate model (∆ AIC),
and model weight (wi).

Table 2.4

YOY abundance model summary for most adequate model

Input
Estimate Std. error p
95% CI
Intercept
2.04
0.92
0.03 0.20 – 3.90
Volume
0.04
0.01
<0.01 0.02 – 0.07
Depth
1.88
0.97
0.06 -0.07 – 3.81
Volume : Depth -0.03
0.01
0.03 -0.06 – 0.00
Summary of multiple regression model for YOY fish abundance including relevant
inputs, beta estimates (estimate), standard error values (std. error), significance values
(p), and 95% Confidence Interval (95% CI).

47

Figures

Figure 2.1

Map of Mississippi depicting the location of Enid Reservoir and Long
Branch Creek.

Map showing the location of Enid Reservoir in the state of Mississippi, with inlay
identifying Long Branch Creek.
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Figure 2.2

Boxplots showing variations in YOY fish abundances between treatment
types for 6 species of interest.

Differences in Log10 abundances of 6 YOY species between brush pile and control
sampling sites collected in 2017 at Long Brand Creek, Enid Reservoir, Mississippi.
(GZSD=Gizzard Shad, CARP=Common Carp, BLGL=Bluegill, LMB=Largemouth Bass,
WHCR=White Crappie, BLCR=Black Crappie).
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Figure 2.3

Differences in model predicted YOY total length values between treatment
types for 6 species of interest.

Predicted total length of YOY fish plotted against time of year (month) generated by
linear model with random effects for both brush pile (black) and control (gray) sites. Fish
collected during sampling in 2017 at Long Brand Creek, Enid Reservoir, Mississippi.are
denoted with points (GZSD=Gizzard Shad, CARP=Common Carp, BLGL=Bluegill,
LMB=Largemouth Bass, WHCR=White Crappie, BLCR=Black Crappie).
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Figure 2.4

Boxplots showing variations in YOY fish abundances in supplemental
cover between sampling events for 6 species of interest.

Differences in Log10 abundances of 6 YOY species during different sampling events
collected in 2017 at Long Brand Creek, Enid Reservoir, Mississippi. (GZSD=Gizzard
Shad, CARP=Common Carp, BLGL=Bluegill, LMB=Largemouth Bass, WHCR=White
Crappie, BLCR=Black Crappie).
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Figure 2.5

Predicted YOY biomass based on time and brush pile volume.

Contour plot depicting predicted YOY biomass (g) based on time of the year in terms of
week and brush pile volume (m3) darker areas indicate higher biomass as indicated by
the scale on the right side of the figure. Values predicted using multiple regression model
and simulated data sets. Model predictions made based on data collected in 2017 at Long
Brand Creek, Enid Reservoir, Mississippi.
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Figure 2.6

Predicted YOY biomass based on brush pile volume for varying months of
the year.

YOY biomass plotted with respect to brush pile volume with 5 series representing
different months of the year. Values predicted using multiple regression model and
simulated data sets. Model predictions made based on data collected in 2017 at Long
Brand Creek, Enid Reservoir, Mississippi.
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Figure 2.7

Predicted YOY abundance based on brush pile volume and depth of
placement.

Levelplot depicting predicted YOY abundance (#) based on brush pile volume (m3) and
depth (m) darker areas indicate higher abundance as indicated by the scale on the right
side of the figure. Values predicted using multiple regression model and simulated data
sets. Model predictions made based on data collected in 2017 at Long Brand Creek, Enid
Reservoir, Mississippi.
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Figure 2.8

Predicted YOY abundance based on brush pile volume for varying depths
of the year.

YOY abundance plotted with respect to brush pile volume with 4 series representing
different water depths. Values predicted using multiple regression model and simulated
data sets. Model predictions made based on data collected in 2017 at Long Brand Creek,
Enid Reservoir, Mississippi.

55

References
Aggus, L. R., and G.V. Elliott. 1975. Effects of cover and food on year–class strength of
largemouth bass. Pages 317–322 in R. H. Stroud and H. Clepper, editors. Black
bass biology and management. Sport Fishing Institute, Washington, D.C.
Akaike, H. 1987. Factor Analysis and AIC. Pages 371-386 in E. Parzen, K. Tanabe and
G. Kitagawa, editors. Selected papers of Hirotugu Akaike. Springer series in
statistics (Perspectives in Statistics). Springer, New York, New York.
Anderson, M. J. 2001. A New Method for non-parametric multivariate analysis of
variance. Australian Ecology 26:32-46.
Bates, D., M. Maechler, B. Bolker, S. Walker. 2015. Fitting linear mixed-effects models
using lme4. Journal of Statistical Software 67:1-48.
Bettoli, P. W., and M. J. Maceina. 1996. Sampling with toxicants. Pages 303-333 in B. R.
Murphy and D. W. Willis, editors. Fisheries Techniques, 2nd edition. American
Fisheries Society, Bethesda, Maryland.
Bolding, B., S. Bonar, and M. Divens. 2004. Use of artificial structure to enhance angler
benefits in lakes, ponds, and reservoirs: a literature review. Reviews in Fisheries
Science 12:75-96.
Bryan, M. D., and D. L. Scarnecchia. 1992. Species richness, composition, and
abundance of fish larvae and juveniles inhabiting natural and developed
shorelines of a glacial Iowa lake. Environmental Biology of Fishes 35:329-341.
Burnham, K.P., and D. R. Anderson. 2002. Model selection and multimodel inference. A
practical information-theoretic approach. Springer, New York, New York.
Bohnsack, J. A., D. E. Harper, D. B. McClellan, and M. Hulsbeck. 1994. Effects of reef
size on colonization and assemblage structure of fishes at artificial reefs off
southeastern Florida. Bulletin of Marine Science 55:796-823.
Boxrucker, J. 1983. Evaluation of brush pile installation as a method to increase catch
rates of largemouth bass and other sport fishes. Project Number F-39-R.
Oklahoma Department of Wildlife Conservation Commission, Oklahoma City,
Oklahoma.
Colvin, M. A. 1991. Evaluation of minimum-size limits and reduced daily limits on the
crappie populations and fisheries in five large Missouri reservoirs. North
American Journal of Fisheries Management 11:585-597.
Crowder, L. B., and W. E. Cooper. 1982. Habitat structural complexity and the
interaction between bluegills and their prey. Ecology 63:1802-1813.
56

Daugherty, D. J., M. T. Driscoll, D. E. Ashe, and J. W. Schlechte. 2014. Effects of
structural and spatiotemporal factors on fish use of artificial habitat in a Texas
reservoir. North American Journal of Fisheries Management 34:453-462.
Gelwick, F. P., and W. J. Matthews. 1990. Temporal and spatial patterns in littoral-zone
fish assemblages of a reservoir (Lake Texoma. Oklahoma-Texas, U.S.A.).
Environmental Biology of Fishes 27:l07-120.
Gratwicke, B., and M. R. Speight. 2005. The relationship between fish species richness,
abundance, and habitat complexity in a range of shallow tropical marine habitats.
Journal of Fish Biology 66:650-667.
Hall, D. J., and E. E. Werner. 1977. Seasonal distribution and abundance of fishes in the
littoral zone of a Michigan Lake. Transactions of the American Fisheries Society
106:545-555.
Hatzenbeler, G. R., M. A. Bozek, M. J. Jennings, and E. E. Emmons. 2000. Seasonal
variation in fish assemblage structure and habitat structure in the nearshore littoral
zone of Wisconsin Lakes. North American Journal of Fisheries Management
20:360-368.
Hoff, M. H. 1991. Effects of increased nesting cover on nesting and reproduction of
smallmouth bass in northern Wisconsin lakes. Pages 39-43 in D. C. Jackson,
editor. Proceedings of the First International Smallmouth Bass Symposium.
Mississippi State University, Starkville, Mississippi.
Hoyer, M. V., and D. E. Cranfield Jr. 1996. Largemouth Bass abundance and aquatic
vegetation in Florida lakes: an empirical analysis. Journal of Aquatic Plant
Management 34:23-32.
Hunt, J. N., N. Bacheler, E. Videan, D. Wilson, and C. Arnett. 2002. Enhancing
largemouth bass spawning: behavioral and habitat considerations. Pages 277-290
in D. E. Philipp and M. S. Ridgway, editors. Black bass: ecology, conservation,
and management. American Fisheries Society, Symposium 31, Bethesda,
Maryland.
Irwin, E. R., R. L. Noble, and J. R. Jackson. 1997. Distribution of age-0 largemouth bass
in relation to shoreline landscape features. North American Journal of Fisheries
Management 17:882-893.
Jennings, M. J., M. A. Bozek, G. R. Hatzenbeler, E. E. Emmons, and M. D. Staggs. 1999.
Cumulative effects of incremental shoreline modification on fish assemblages in
north temperate lakes. North American Journal of Fisheries Management 19:1827.
57

Johnson, D. L., R. A. Beaumier, and W. E. Lynch Jr. 1988. Selection of habitat structure
interstice size by bluegills and largemouth bass in ponds. Transactions of the
American Fisheries Society 117:171–179.
Johnson, D. L., and W. E. Lynch Jr. 1992. Panfish use of and angler success at evergreen
tree, brush, and stake-bed structures. North American Journal of Fisheries
Management. 12:222–229.
Lane, J. A., C. B. Portt, and C. K. Minns. 1996. Spawning habitat characteristics of Great
Lake fishes. Canadian Manuscript Report of Fisheries and Aquatic Sciences No.
2368.
Lynch Jr., W. E., and D. L. Johnson. 1988a. Angler success and bluegill and white
crappie use of a large structured area. Ohio Cooperative Fish and Wildlife
Research Unit, School of Natural Resources, Ohio State University. Appendix V
of Evaluation of fish management techniques. Final Report. Project F-57-R Study
10. Columbus, Ohio.
Lynch Jr., W. E., and D. L. Johnson. 1988b. Bluegill and crappie use of nearshore
structure. Evaluation of fish management techniques. Ohio Cooperative Fish and
Wildlife Research Unit, School of Natural Resources, Ohio State University.
Final Report. Project F-57-R Study 10. Columbus, Ohio.
Minns, C. K., J. R. M. Kelso, and R. G. Randall. 1996. Detecting the response of fish to
habitat alterations in freshwater ecosystems. Canadian Journal of Fisheries and
Aquatic Sciences 53:403-414.
Miranda, L. E. 2011. Depth as an organizer of fish assemblages in floodplain lakes.
Aquatic Sciences 73:211–221.
Miranda, L. E., and K. J. Killgore. 2014. Fish depth distributions in the lower Mississippi
River. River Research Applications 30:347-359.
Miranda, L. E., and R. M. Krogman. 2015. Functional age as an indicator of reservoir
senescence. Fisheries 40:170-176.
Miranda, L. E., and W. D. Hubbard. 1994. Winter survival of age-0 largemouth bass
relative to size, predators, and shelter. North American Journal of Fisheries
Management 14:790-796.
Miranda, L. E., W. L. Shelton, and T. D. Bryce. 1984. Effects of water level manipulation
on abundance, mortality, and growth of young-of-year largemouth bass in West
Point Reservoir, Alabama–Georgia. North American Journal of Fisheries
Management 4:314–320.
58

Mitzner, L. 1981. Assessment and development of underwater structure to attract and
concentrate fish. Iowa Conservation Commission, Federal Aid in Fish
Restoration, Project F-94R, Study 1, Final Report. Iowa Conservation
Commission, Des Moines, Iowa.
Murphy, B. R., and W. E. Kelso. 1986. Strategies for evaluating fresh-water stocking
programs: past practices and future needs. Pages 303-313 in R. H. Stroud, editor.
Fish culture in fisheries management. American Fisheries Society, Bethesda,
Maryland.
Oksanen, J., F. G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P. R.
Minchin, R. B. O'Hara, G. L. Simpson, P. Solymos, M. H. H. Stevens, E. Szoecs,
and H. Wagner. 2017. Vegan: community ecology package. R package version
2.4-5.
Pegg, M. A., K. L. Pope, L. A. Powell, K. C. Turek, J. J. Spurgeon, N. T. Stewart, N. P.
Hogberg, and M. T. Porath. 2015. Reservoir rehabilitations: seeking the fountain
of youth. Fisheries 40:177-181.
Pickering, H., and D. Whitemarsh. 1997. Artificial reefs and fisheries exploitation: a
review of the attraction versus production debate, the influence of design and its
significance for policy. Fisheries Research 31:39-59.
Pitman, V. M., and S. Gutreuter. 1993. Initial post-stocking survival of hatchery-reared
fishes. North American Journal of Fisheries Management 13:151-159.
Prince, E. D., and O. E. Maughan. 1979a. Telemetric observations of largemouth bass
near underwater structures in Smith Mountain Lake, Virginia. Pages 26–32. in D.
L. Johnson and R. A. Stein, Editors. Response of Fish to Habitat Structure in
Standing Water. North Central Division American Fisheries Society Special
Publication 6.
Prince, E. D., and O. E. Maughan. 1979b. Attraction of fishes to tire reefs in Smith
Mountain Lake, Virginia. Pages 19–25. in D. L. Johnson and R. A. Stein, Editors.
Response of Fish to Habitat Structure in Standing Water North Central Division
American Fisheries Society Special Publication 6.
Ratcliff, D. R., W. A. Wurtsbaugh, and J. Zustak. 2009. Evaluating the effectiveness of
grassbed treatments as habitat for juvenile black bass in a drawdown reservoir.
North American Journal of Fisheries Management 29:1119–1129.
R Development Core Team. 2010. R: A language and environment for statistical
computing: R Foundation for Statistical Computing.
59

Sarkar, D. 2008. Lattice: multivariate data visualization with R. Springer, New York,
New York.
Sass, G. G., J. F. Kitchell, S. R. Carpenter, T. R. Hrabik, A. E. Marburg, and M. G.
Turner. 2006. Fish community and food web responses to a whole-lake removal
of coarse woody habitat. Fisheries 31:321-330.
Savino, J. F., and R. A. Stein. 1982. Predator-prey interaction between largemouth bass
and bluegills as influenced by simulated, submersed vegetation. Transactions of
the American Fisheries Society 111:255-266.
Smokorowski, K. E., and T. C. Pratt. 2007. Effect of a change in physical structure and
cover on fish and fish habitat in freshwater ecosystems – a review and metaanalysis. Environmental Review 15:15-41.
Strange, R. J., W. B. Kittrell, and T. D. Broadbent. 1982. Effects of seeding reservoir
fluctuation zones on young-of-the-year black bass and associated species. North
American Journal of Fisheries Management 2:307–315.
Trial, P. T., F. P. Gelwick, and M. A. Webb. 2001. Effects of shoreline urbanization on
littoral fish assemblages. Journal of Lake and Reservoir Management 17:127-138.
Tugend, K. I., M. S. Allen, and M. Webb. 2002. Use of artificial habitat structures in U.
S. lakes and reservoirs: a survey from the Southern Division AFS Reservoir
Committee. Fisheries 27(5):22-27.
Valley, R. D., T. K. Cross, and P. Radomski. 2004. The role of submersed aquatic
vegetation as habitat for fish in Minnesota lakes, including the implications of
non-native plant invasions and their management. Minnesota Department of
Natural Resources Special Publication 160.
Vogele, L. E., and W. C. Rainwater. 1975. Use of brush shelters as cover by spawning
black bass (Micropterus) in Bull Shoals Reservoir. Transactions of the American
Fisheries Society 104:264-269.
Walters, C.J., and Holling, C.S. 1990. Large-scale management experiments and learning
by doing. Ecology 71:2060–2068.
Werner, E. E., G. G. Mittelbach, and D. J. Hall. 1983. The role of foraging profitability
and experience in habitat use by the bluegill sunfish. Ecology 62:116-125.
Wickham, D. A., J. W. Watson, Jr., and L. H. Ogren. 1973. The efficacy of midwater
artificial structures for attracting pelagic sport fish. Transactions of the American
Fisheries Society 102:563–572.
60

Wilbur, R. L. 1978. Two types of fish attractors compared in Lake Tohopekaliga, Florida.
Transactions of the American Fisheries Society 107:689–695.
Wilde, G. R. 1997. Largemouth bass fishery responses to length limits. Fisheries
22(6):14-23.

61

